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), http:/Abstract The water solubilisation of single walled carbon nanotubes (SWNTs) has been achieved
by polymer wrapping. The present study aims at highlighting the solute–solvent interaction and
thermodynamic parameters in the solubilisation of polyvinyl pyrrolidone wrapped single walled
carbon nanotubes (PVP-SWNTs) in water. Conductivity and density values of both PVP and
PVP-SWNTs have been determined in water maintaining different concentrations (0.005–0.1 g/L)
at temperatures 298.15, 303.15, 308.15 and 313.15 K. The conductance values have been used to
evaluate the limiting molar conductance (^mo ) and the activation energy (Es). From the density
values, the limiting partial molar volumes and expansibilities have been calculated. The estimated
parameters were discussed in terms of solute–solvent interactions.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
In recent years, carbon nanotubes (CNTs) have gained the
attention of researchers in the ﬁeld of biomedical sciences
and biological applications. It has been considered as potential3 32584693; fax: +60 3
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/dx.doi.org/10.1016/j.arabjc.20reinforcement materials in bio-composites due to their remark-
able electrical (Colbert and Smalley, 1999), mechanical (Salve-
tat et al., 1999) and thermal properties. They possess a surface
area as well as have the potential for surface functionalisation
(Al-Saleh and Sundarajaj, 2009; Huang et al., 2005; Ma et al.,
2010; Wakamatsu et al., 2009).
It is extremely difﬁcult to disperse carbon nanotubes to sin-
gle tube level. Even though SWNTs are a versatile vector be-
cause of their unique architecture and wonderful chemistry,
the poor solubility characteristic has limited their chemical
modiﬁability as well as applicability. For that, non-covalent
and covalent modiﬁcations of the SWNTs with polymers are
commonly used to improve their dispersion and orientation
in aqueous solutions (Hong et al., 2008; Lou et al., 2004; Pet-
rov et al., 2003; Sinani et al., 2005; Zhao et al., 2006). How-ing Saud University.
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2 M. Mohamed et al.ever, for SWNTs as solubilisation involves the covalent modi-
ﬁcation of the tubes the desirable properties are altered signif-
icantly. Alternatively, the medium used for the solubilisation
of SWNTs has relied upon the surfactants which are toxic en-
ough to denature the biological molecules (O’Connel et al.,
2001).
Among non-covalent methods, polymer wrapping is the
simplest route (O’Connel et al., 2001; Star and Stoddart,
2002). For instance, polyvinyl pyrrolidone (PVP), PSS (poly-
styrene sulphonate), and BSA (bovine serum albumin) can
wrap around carbon nanotubes, leading to their solubilisation
in water (O’Connel et al., 2001). The method as reported is ro-
bust and can manipulate the solubility aspect reliably thus sim-
plifying their use as a chemical agent. Although the
phenomenon is reported, no explanation relating to the mech-
anism in terms of solute–solvent interactions and the structural
effects is available in the literature.
Polyvinyl pyrrolidone (PVP), (C6H9NO)n, a water-soluble
synthetic polymer, has a number of interesting properties
and frequently has been the subject of different investigations
to understand the interactions such as hydrogen bonding, di-
pole–dipole, ion–dipole between small organic molecules, ionic
species and that of a polymer (Kirci and Guner, 2001). Polyvi-
nyl pyrrolidone is used by a wide variety of industries, such as
pharmaceutical, cosmetic, coating and adhesive. This is due to
the unique physical and chemical properties of PVP, particu-
larly its good solubility in water, its strong complexing ability
with both hydrophilic and hydrophobic substances and its
nontoxic character. Therefore, a signiﬁcant amount of research
has been conducted with regard to studying polyvinyl pyrroli-
done solutions, and the majority of these studies are in water,
non-ionic aqueous solutions, and aqueous salt solutions (Kirci
and Guner, 2001; Guner and Kara, 1998; Guner, 1996; Yang
et al., 2005; Sadeghi and Zafarani-Moattar, 2004; Rathbone
et al., 1990).
The aim of this research is to synthesise the PVP-SWNTs in
order to reafﬁrm their solubilisation in water and to further
study the solution chemistry of PVP-SWNTs in water. It is
well known that conductometric and volumetric studies of
the solute at deﬁnite and inﬁnite dilution in a solvent system
provide valuable information regarding the solute–solvent
interactions. By examining the limiting apparent molar volume
(U0v), limiting molar expansibilities (U
0
E) and limiting molar
conductance (^mo ) of solution’s nature, temperature and com-
position of the solvent, it is possible to examine the parameters
on solute–solvent interaction, to obtain better understanding
of the interactions in solutions. The present study deals with
experiments so as to highlight the solute (PVP-SWNTs) and
solvent (water) interactions at different temperatures ranging
from 298.15 to 313.15 K and to compare with that of PVP-
water.
2. Experimental
2.1. Material
The SWNTs used in this study were purchased from Ghuangz-
hou Jiechuang Trading Co. Ltd., China. The polyvinyl pyrrol-
idone was purchased from Sigma–Aldrich Co. and had a
reported K-value = 29–32. Sodium dodecyl sulphate (SDS)
was purchased from Sigma–Aldrich Co. and had a micellarPlease cite this article in press as: Mohamed, M. et al., Studies on t
pyrrolidone wrapped single walled carbon nanotubes (PVP-SWNT
Journal of Chemistry (2013), http://dx.doi.org/10.1016/j.arabjc.20average molecular weight of 18,000. Polyvinyl pyrrolidone
and SDS were used without further puriﬁcation. Distilled
water was used for the preparation of solutions.
2.2. Puriﬁcation of SWNTs
SWNTs’ material was washed with methanol followed by
water. The SWNTs were then homogenised with a high shear
mixer (Cat: X120) and reﬁltered repeatedly till the ﬁltrate was
clear and colourless. Further the material was puriﬁed by gas
phase oxidation, hydrochloric acid extraction and high tem-
perature annealing (Salvetat et al., 1999).
2.3. Synthesis of polymer wrapped SWNTs
The puriﬁed SWNTs’ materials were further used for the syn-
thesis of polymer wrapped SWNTs. The synthesis was carried
out following a previous literature (O’Connel et al., 2001) with
modiﬁcation. Brieﬂy 50 mg of the SWNTs was dispersed in
1000 ml of water containing 1% sodium dodecyl sulphate
(SDS) by sufﬁcient sonication to ensure the individual presence
of the particles. Then enough polyvinyl pyrrolidone was added
to the dispersions to get a 1% solution by weight and the sys-
tem was further sonicated followed by 12 h incubation at
50 C. The mixture was then ﬁltered. In order to remove the
residual SDS, the polymer ﬁltrate underwent three cycles of
high speed centrifugation (Jouan, BR4i) and the supernatant
was decanted followed by re-dispersing in pure water with mild
sonication. The ﬁnal dispersion produced a stable solution of
PVP wrapped SWNTs (PVP-SWNTs) in water which was
freeze-dried to obtain the PVP-SWNTs. The yield was up to
1.8 g/L.
2.4. Physical measurements
The solutions of both PVP and PVP-SWNTs were prepared
freshly by mass (0.005–0.1 g/L) using a Metler balance with
a precision of ±0.01 mg in doubly distilled deionised and de-
gassed water. The solutions were used for the density and con-
ductivity measurements.
2.4.1. Density
The densities were measured using an Anton Paar DMA 35 N
U-tube measuring cell. Dried air was used for the calibration
of the densimeter at each temperature. The temperature main-
tenance and control of the systems were performed in a jack-
eted container with circulated water being thermostated by a
thermostat (WiseCircu), with a temperature uncertainty of
±0.01 K. The uncertainties in densities are ±0.0001 g cm3.
2.4.2. Conductivity
A conductivity metre with accuracy of ±0.5% with a conduc-
tivity cell (Eutech-Con 700) was used for the measurement of
conductivity of each sample. The conductance cell was
equipped with a water circulating jacket, and the temperature
was controlled within ±0.02 K in a water thermostat. The cell
constant is 1.01 cm1 which was calculated by repeated mea-
surements of KCl solutions. All data were corrected with spe-
ciﬁc conductivity of pure water at the experimental
temperatures.he thermodynamics and solute–solvent interaction of Polyvinyl
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3.1. Conductivity
The molar conductance data (Km) with different concentra-
tions of pure PVP and those of the polymer PVP-SWNTs
are listed in Tables 1 and 2, respectively. The limiting molar
conductivity (^om) of the systems was obtained by least squares
ﬁtting of the experimental data to the expression (Harned and
Owen, 1958) below:
^ ¼ ^0m  A
ﬃﬃ
c
p
=ð1þ B ﬃﬃcp Þ ð1Þ
where ^0m, A and B are ﬁtting parameters, c is the concentra-
tion. The obtained limiting molar conductivities of the PVP
and PVP-SWNTs are summarised in Tables 1 and 2.
It can be seen from Table 1 that the values of K in PVP
solutions decrease with increasing PVP content in solutions
as well as with increase in temperature. This can be ascribed
to the fact that (i) an increase in polymer concentration en-
hances the microscopic viscosity of the medium because of in-
creased frictional coefﬁcient of the medium thereby retarding
the mobility of the polymeric units in the solution, (ii) an in-
crease in polymer content, after being highly solvated causes
an increase of the hydrodynamic radii of the polymeric unit
hence decreasing their mobility and (iii) with increase in tem-
perature the increased thermal energy results in a more ordered
behaviour of the polymeric units in water, rather than getting
momentum as in case of normal ionic molecules (Singh et al.,
1968; Solanki et al., 2012; Yan et al., 2009).
In the PVP-SWNTs, the values of K decrease with increas-
ing PVP-SWNTs’ content in solutions and increase with in-Table 1 Values of molar conductance (Km) and limiting molar
temperatures.
c (g/L) (Km, S cm
2 mol1)
T/K= 298.15 T/K=
0.005 0.2060 0.2048
0.01 0.1291 0.1287
0.02 0.0798 0.0770
0.04 0.0565 0.0555
0.08 0.0391 0.0385
0.1 0.0360 0.0355
^om (S cm2 mol1) 0.1990 0.1970
Table 2 Values of molar conductance (Km), limiting molar conduct
concentrations and temperatures.
c (g/L) (Km, S cm
2 mol1)
T/K= 298.15 T/K= 303.15
0.005 1.206 1.212
0.01 1.179 1.197
0.02 1.110 1.125
0.04 1.010 1.023
0.08 0.8550 0.8738
0.1 0.8010 0.8080
^om (S cm2 mol1) 1.342 1.355
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Journal of Chemistry (2013), http://dx.doi.org/10.1016/j.arabjc.20crease in temperature. The later observation highlights the
contribution of the SWNTs being wrapped by the polymer
in solvent water to the mobility of the PVP-SWNTs’ units be-
cause of the increment in temperature, as increased thermal en-
ergy results in greater bond breaking and variation in
vibrational, rotational and translational energy of the PVP-
SWNTs’ units that lead to higher frequency and higher mobil-
ity (Dash et al., 2006).
As observed in Table 1, the values of Ko in PVP solutions at
different temperatures are lower as compared with those in
PVP-SWNTs’ solutions. The ^0m values are found to decrease
with temperature in case of the PVP system, whereas reverse
is the trend for the PVP-SWNTs’ system. The higher values
of Ko in the PVP-SWNTs’ system can be attributed to the con-
tributions of SWNTs to the mobility of the PVP-SWNTs’ units
in water and to the positive response to temperature in attain-
ing higher mobility.
Since the conductance measurements of an ion depend
upon mobility (Coetzee and Ritchi, 1976), it is quite reasonable
to treat the conductance data similar to the one employed for
the rate process taking place with the change of temperature,
i.e.:
^0m ¼ AeEs=RT ð2Þ
where A is the frequency factor, R is the gas constant and Es is
the Arrhenius activation energy of the transport process.
From the plot of log ^0m vs. 1/T, the Es values have been
computed from the slope (=Es/2.303R) and are recorded
in Table 2 for the PVP-SWNTs’ system. It can be seen that
the values of Es are positive pointing to the fact that the pro-
cess of solubilisation is favourable.conductance (^om)of pure PVP at different concentrations and
303.15 T/K= 308.15 T/K= 313.15
0.1964 0.1910
0.1243 0.1203
0.0741 0.0728
0.0540 0.0523
0.0374 0.0363
0.0344 0.0333
0.1890 0.1840
ance (^0m) and activation energy (Es) of PVP-SWNTs at different
Es (kJ mol
1)
T/K= 308.15 T/K= 313.15
1.224 1.244 1591.49
1.199 1.202 1043.32
1.140 1.140 1453.87
1.025 1.040 1399.52
0.8763 0.8910 1979.08
0.8170 0.8500 2920.76
1.364 1.366 1032.12
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Table 3 Values of limiting apparent molar volume (U0v), limiting apparent molar expansibility (U
0
E), Sv and SE of pure PVP and PVP-
SWNTs.
System T/K U0v (cm
3 mol1) Sv (cm9/2 mol3/2) U0E (cm
3 mol1 K) SE (cm
9/2 mol3/2 K1)
PVP 298.15 40,111 1.395 40,051 3.575
PVP-SWNTs 298.15 40,104 6.250 40,064 3.032
PVP 303.15 40,138 16.72 40,033 4.243
PVP-SWNTs 303.15 40,131 8.983 40,043 3.509
PVP 308.15 40,206 11.70 40,035 3.848
PVP-SWNTs 308.15 40,198 2.937 40,054 3.439
PVP 313.15 40,231 26.85 40,021 5.192
PVP-SWNTs 313.15 40,276 21.50 40,028 4.083
4 M. Mohamed et al.3.2. Density
The results of the density measurements are given in Table 3
along with the values of limiting apparent molar volume (U0v)
and limiting apparent molar expansibility (U0E) of the PVP
and PVP-SWNTs in water at T= (298.15, 303.15, 308.15,
313.15) K. The values of U0v and U
0
E have been determined
from the intercepts of the plot of Uv vs. c
1/2 and of UE vs. c
1/
2, respectively, which are in turn determined from the experi-
mentally measured densities as follows:
Uv ¼ 1000ðcd0Þ1ðd0  dÞ þM2=d0 ð3Þ
and
UE ¼ aU0v þ ða a0Þ1000c1 ð4Þ
where c is the molar concentration of the solution, d0 is the
density of pure water, d is the density of the solution, M2 is
the molecular mass of the solute and a0 and a are the coefﬁ-
cients of expansion of the solvent and solution (with or with-
out drug), respectively, and determined by means of the
relation available in the literature (Millero, 1971).
The Uv and UE showed linear dependence with square root
of concentration and were found to obey the Masson equation,
Uv ¼ U0v þ Svc1=2 ð5Þ
and
UE ¼ U0E þ SEc1 ð6Þ
The values of SV and SE obtained from the slopes of the cor-
responding plots are also given in Table 3.
A perusal of Table 3 shows that the values of U0v are posi-
tive for the polymer, PVP as well as for the PVP-SWNTs at the
experimental temperatures. Since the U0v is a measure of ion–
solvent interaction, the positive values of U0v indicate strong
solute–solvent interactions. However if compared between
the two, PVP showed stronger interactions than that of the
PVP-SWNTs as supported by higher values of U0v , but at the
higher temperature of 313.15 K the reverse is the case. The re-
sults indicate that the solute–solvent interactions in both the
cases increase with increase in temperature. The presence of
solute–solvent interaction amongst the molecules, promotes
the structure making effects of the solute in water.
As observed, the SV values are negative and low at the
experimental temperatures for the PVP systems except that
at 313.15 K, where the value is positive. This suggests the pres-
ence of PVP–solvent interactions in the system at the temper-Please cite this article in press as: Mohamed, M. et al., Studies on t
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Journal of Chemistry (2013), http://dx.doi.org/10.1016/j.arabjc.20atures of 298.25, 303.15, and 308.15 K, whereas at the higher
temperature of 313.15 K, the PVP–PVP interactions prevailed.
Further, it is seen that the values of SV for the PVP-SWNTs’
system are positive at 298.15 and negative at all higher temper-
atures. These observations indicate that solute–solute (PVP-
SWNTs) interaction prevails at lower temperatures, whereas
at higher temperatures solute–solvent interaction predomi-
nates. The SV values are higher in case of the PVP-SWNTs’
system as compared to that of the PVP systems at the temper-
atures of 298.25, 303.15 and 308.15 K, while lesser at the tem-
perature of 313.15. These point to the fact that the solvent
structure is too much enhanced at lower temperatures as com-
pared to that at higher temperatures (Solanki et al., 2010).
The values of U0E for all the systems at all temperatures (ex-
cept at 313.15 K for all the systems with the drug) are small but
positive and vary irregularly with increase of temperature.
However, the values of U0E in in case of the PVP-SWNTs’ sys-
tem as compared with those of PVP systems indicated the pres-
ence of caging or packing effect (Millero, 1971) supporting to
the earlier contention that the solvent structure is too much en-
hanced except at higher temperatures, i.e., 313.15 K.4. Conclusion
In this study, conductivities and densities of the PVP and PVP-
SWNTs in water at different concentrations were determined
at the temperature range between 298.15 and 313.15 K. The
limiting molar conductivity of PVP was lower than that of
the PVP-SWNTs’ systems. These suggest that the solute–sol-
vent interaction in the PVP system is less as compared to that
of the PVP-SWNTs’ system. The positive values of activation
energy in the PVP-SWNTs’ system suggested a favourable sol-
ubilisation process in water. The positive values of U0v indi-
cated a strong solute–solvent interaction in both the cases.
The values of Sv suggested solute–solvent interactions that pre-
vail at lower temperatures for PVP-SWNTs, while the reverse
is the case for the PVP system.Acknowledgements
The authors would like to thank Ministry of Higher Education
(MOHE), Malaysia, for fundamental research grant scheme
(FRGS)600-RMI/ST/FRGS/5/3/Fst(196/2010) and Universiti
Teknologi MARA for supporting the research.he thermodynamics and solute–solvent interaction of Polyvinyl
s) in water over temperature range 298.15–313.15 K. Arabian
13.06.022
Studies on the thermodynamics and solute–solvent interaction of Polyvinyl pyrrolidone wrapped single 5References
Al-Saleh, M.H., Sundarajaj, U., 2009. A review of vapor grown carbon
nanoﬁber/polymer conductive composites. Carbon 47 (1), 2–22.
Coetzee, J.F., Ritchi, D., 1976. Solute Solvent Interactions. Marcel
Dekker, New York and Basel, 54.
Colbert, D.T., Smalley, R.E., 1999. Fullerene nanotubes for molecular
electronics. Trends Biotechnol. 17, 46–50.
Dash, U.N., Mohapatro, J., Lal, B., 2006. Ion association and
solvation of Co(III) complexes in water + alcohol mixtures at
different temperatures. J. Mol. Liq. 124, 13.
Guner, A., 1996. Properties of aqueous salt solutions of polyvinylpyr-
rolidone: viscosity characteristics. J. Appl. Polym. Sci. 62, 785–788.
Guner, A., Kara, M., 1998. Cloud points and theta temperatures of
aqueous poly(N-vinyl-2-pyrrolidone) solutions in the presence of
denaturing agents. Polymer 39, 1569–1572.
Harned, H.S., Owen, B.B., 1958. The Physical Chemistry of Electrolyte
Solutions, third ed. Reinhold, New York, pp. 358–376.
Hong, S.H., Kim, M.H., Hong, C.K., Jung, D.S., Shim, S.E., 2008.
Encapsulation of multi-walled carbon nanotubes by poly(4-vinyl-
pyridine) and its dispersion stability in various solvent media.
Synth. Met. 158, 900–907.
Huang, H., Liu, C.H., Wu, Y., Fan, S., 2005. Aligned carbon
nanotube composite ﬁlms for thermal management. Adv. Mater. 17
(13), 1652–1656.
Kirci, B., Guner, A., 2001. Effect of phenolic cosolutes on the main
parameters, phase separation and theta temperature of dilute
aqueous poly(N-vinyl-2-pyrrolidone) solutions. Eur. Polym. J. 37,
361–365.
Lou, X., Detrembleur, C., Pagnoulle, C., Je´roˆme, R., Bocharova, V.,
Kiriy, A., Stamm, M., 2004. Surface modiﬁcation of multiwalled
carbon nanotubes by poly(2-vinylpyridine): dispersion, selective
deposition, and decoration of the nanotubes. Adv. Mater. 16, 2123.
Ma, Y.J., Yao, X.F., Zheng, Q.S., Yin, Y.J., Jiang, D.J., et al, 2010.
Carbon nanotube ﬁlms change Poisson’s ratios from negative to
positive. Appl. Phys. Lett. 97, 061909.
Millero, F.J., 1971. Structure and Transport Properties in Water and
Aqueous Solutions. In: Horne, R.A. (Ed.). Wiley Interscience, New
York, Ch, p. 5.
O’Connel, M.J., Boul, P., Ericson, L.M., Huffman, C., Wang, Y.H.,
Haroz, E., Kuper, C., Tour, J., Ausman, K.D., Smalley, R.E.,
2001. Reversible water-solubilization of single walled carbon
nanotubes by polymer wrapping. Chem. Phys. Lett. 342, 265–271.
Petrov, P., Stassin, F., Pagnoulle, C., Je´roˆme, R., 2003. Noncovalent
functionalization of multi-walled carbon nanotubes by pyrene
containing polymers. Chem. Commun. 8, 2904.Please cite this article in press as: Mohamed, M. et al., Studies on th
pyrrolidone wrapped single walled carbon nanotubes (PVP-SWNT
Journal of Chemistry (2013), http://dx.doi.org/10.1016/j.arabjc.20Rathbone, S.J., Haynes, C.A., Blanch, H.W., Prausnitz, J.M., 1990.
Thermodynamic properties of dilute aqueous polymer solutions
from low-angle laser-light-scattering measurements. Macromole-
cules 23, 3944–3947.
Sadeghi, R., Zafarani-Moattar, M.T., 2004. Thermodynamics of
aqueous solutions of polyvinylpyrrolidone. J. Chem. Thermodyn.
36, 665–670.
Salvetat, J.P., Bonard, J.M., Thomson, N.H., Kulik, A.J., Forro, L.,
Benoit, W., Zuppiroli, L., 1999. Mechanical properties of carbon
nanotubes. Appl. Phys. A 69, 255–260.
Sinani, V.A., Gheith, M.K., Yaroslavov, A.A., Rakhnyanskaya, A.A.,
Sun, K., Mamedov, A.A., Wicksted, J.P., Kotov, N.A., 2005.
Aqueous dispersions of single-wall and multiwall carbon nanotubes
with designed amphiphilic polycations. J. Am. Chem. Soc. 127,
3463.
Singh, R.D., Rastogi, P.P., Gopal, R., 1968. Ion solvent interaction of
tetraalkylammonium ions in solvents of highdielectric constant.
Part-I. Conductance and walden product of tetra-alkylammonium
ions in N-methyl acetamide at different temperatures. Can. J.
Chem. 46, 3525–3530.
Solanki, C.S., Tripathy, S., Tripathy, M.K., Dash, U.N., 2010. Studies
on the solute solvent interaction of nimesulide in aqueous solution
of hydrotropic agents at different temperatures. E-J. Chem. 7 (S1),
S223–S230.
Solanki, C.S., Mishra, P., Talari, M.K., Tripathy, M.K., Dash, U.N.,
2012. Conductometric study of nimesulide in aqueous solution of
hydrotropic agents at different temperature. E-J. Chem. 9 (1), 21–
26.
Star, A., Stoddart, J.F., 2002. Dispersion and solubilization of single-
walled carbon nanotubes with a hyperbranched polymer. Macro-
molecules 35, 7516–7520.
Wakamatsu, N., Takamori, H., Fujigaya, T., Nakashima, N., 2009.
Self-organized single-walled carbon nanotube conducting thin ﬁlms
with honeycomb structures on ﬂexible plastic ﬁlms. Adv. Funct.
Mater. 19 (2), 311–316.
Yan, X., Wang, X., Xing, R., Wang, J., 2009. Volumetric and
conductometric studies on the interactions of dipeptides with
sodium acetate and sodium butyrate in aqueous solutions at
T= 298.15 K. J. Chem. Thermodyn. 41 (12), 1343–1349.
Yang, H., Yan, Y., Zhu, P., Li, H., Zhu, Q., Fan, C., 2005. Studies on
the viscosity behavior of polymer solutions at low concentrations.
Eur. Polym. J. 41, 329–340.
Zhao, X.D., Lin, W.R., Song, N.H., Chen, X.F., Fan, X.H., Zhou,
Q.F., 2006. Water soluble multi-walled carbon nanotubes prepared
via nitroxide-mediated radical polymerization. J. Mater. Chem. 16,
4619–4625.e thermodynamics and solute–solvent interaction of Polyvinyl
s) in water over temperature range 298.15–313.15 K. Arabian
13.06.022
